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ABSTRACT Metazoan cyclin C was originally isolated by 
virtue of its ability to rescue Saccharomyces cerevisiae cells 
deficient in Gi cyclin function. This suggested that cyclin C 
might play a role in cell cycle control, but progress toward 
understanding the function of this cyclin has been hampered 
by the lack of information on a potential kinase partner. Here 
we report the identification of a human protein kinase, K35 
[cyclin-dependent kinase 8 (CDK8)], that is likely to be a 
physiological partner of cyclin C. A specific interaction be- 
tween K35 and cyclin C could be demonstrated after trans- 
lation of CDKs and cyclins in vitro. Furthermore, cyclin C 
could be detected in K35 immunoprecipitates prepared from 
HeLa cells, indicating that the two proteins form a complex 
also in vivo. The K35-cyclin C complex is structurally related 
to SRB10-SRBU, a CDK-cyclin pair recently shown to be 
part of the RNA polymerase II holoenzyme of S. cerevisiae. 
Hence, we propose that human K35(CDK8)- cyclin C might be 
functionally associated with the mammalian transcription 
apparatus, perhaps involved in relaying growth-regulatory 
signals. 



Complexes between cyclin-dependent kinases (CDKs) and 
cyclin regulatory subunits play a pivotal role in cell cycle 
regulation in all eukaryotes (1, 2). In the yeasts Saccharomyces 
cerevisiae and Schizosaccharomyces pombe, cell cycle progres- 
sion is controlled predominantly by a single CDK, termed 
p34CDC28 an( j p34cdc2 > respectively (3-5). In metazoans, how- 
ever, different cell cycle transitions require distinct CDKs 
(6-8). Cyclins are positive regulatory subunits of CDKs and 
constitute multiprotein families in yeasts and metazoans (9, 
10). Although the importance of many CDKs and cyclins in 
promoting the transitions between successive stages of the cell 
cycle is well established, it should not be assumed that all 
CDK-cyclin complexes function directly or exclusively in cell 
cycle control. This is illustrated best by studies on S. cerevisiae, 
where at least three distinct CDK-cyclin pairs, PH085- 
PHO80, KIN28-CCL1, and SRB10-SRB11, have been impli- 
cated in the regulation of transcriptional events (refs. 11-13; 
for review, see ref. 14). PH085 also functions in association 
with two additional cyclins, PCL1 and PCL2 (also termed 
HCS26 and ORF-D, respectively), possibly to integrate cell 
cycle progression with the availability of nutrients (15, 16). In 
vertebrates, six of seven presently known CDKs have been 
implicated in cell cycle progression, but CDK5 may function 
primarily as a neurofilament kinase in postmitotic neurons 
(17-20). Furthermore, the precise physiological role of the 
CDK7-cyclin H complex remains to be understood. Originally 
identified as a CDK-activating kinase (21-23), the CDK7- 
cyclin H complex was shown to form part of the general 
transcription factor TFIIH and to display kinase activity 
toward the C-terminal domain of RNA polymerase II (24-26), 
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suggesting that it may also play a role in transcription and/or 
DNA repair. 

There is no doubt that additional vertebrate CDKs and 
cyclins await discovery. In particular, a CDK partner has not 
yet been identified for metazoan cyclin C. This cyclin was 
originally isolated from human and Drosophila cDNA libraries 
by virtue of its ability to complement an 5. cerevisiae strain 
lacking the Gi cyclins CLN1-3 (27-29). The same comple- 
mentation approach had yielded cDNAs for human cyclins Dl 
and E (27), both of which were subsequently shown to play 
important roles during the Gi/S phase transition of the 
metazoan cell cycle (10). The possibility has been considered 
that cyclin C might also represent a Gi cyclin, but no support 
for this notion has yet been obtained. For cyclins Dl and E, the 
identification of CDK partners proved to be essential for 
studying the function of the respective CDK-cyclin complexes. 
Thus, progress toward understanding the function of cyclin C 
is expected to critically depend on the identification of a kinase 
complex partner. 

Here we report the isolation of a human protein kinase, 
K35, 11 that readily forms specific complexes with cyclin C in 
vitro. We furthermore show that cyclin C can be detected in 
immunoprecipitates of K35 prepared from metabolically la- 
beled HeLa cells, indicating that the two proteins also form a 
complex in vivo. Hence, K35 is a bona fide CDK, which we 
propose to name CDKS. Although CDK8 is only distantly 
related to other mammalian CDKs, it shows a striking se- 
quence similarity to SRB10 of S. cerevisiae. This observation 
raises the tantalizing prospect that metazoan CDK8-cyclin C 
functionally resembles the budding yeast SRB10-SRB11 com- 
plex and also plays an important role in the regulation of 
transcription. 

MATERIALS AND METHODS 

Cloning and Sequencing of a cDNA for K35 (CDK8). A 

216-bp cDNA fragment spanning subdomains VIb-IX of K35 
was obtained by the PCR (30) and used for screening of a 
human testis Agtll library (Clontech). After plaque purifica- 
tion of phages, inserts were excised and subcloned into Blue- 
script vectors. The longest insert (1772 bp) was sequenced in 
both orientations and found to encode the entire K35 protein. 
Colony hybridization, phage isolation, subcloning, and plasmid 
sequencing were performed as described (31, 32). 

Production of Anti-K35 Antibodies and Immunochemical 
Techniques. Rabbit anti-K35 antibodies were produced and 
affinity-purified by standard methods (31, 33). The character- 
ization of antibodies specific for cyclin C will be reported 
elsewhere (P.L., unpublished data). Western blot analysis was 
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performed as described (31, 32), by using Immobilon B 
membranes (Millipore) and enhanced chemoluminescence 
(Amersham) for detection of immunoreactive proteins. For 
immunoprecipitation, exponentially growing HeLa cells were 
labeled for 3.5 hr with [ 35 S]methionine/cysteine, lysed in 
RIPA buffer [50 mM Tris, pH 8.0/150 mM NaCl/1% Nonidet 
P-40/1% deoxycholate/0.1% SDS/1 mM phenylmethylsulfo- 
nyl fluoride/leupeptin (10 /u,g/ml)/pepstatin (10 ng/ml)/ 
aprotinin (10 /xg/ml)], and incubated with anti-K35 antibodies 
as described (32, 34). One-dimensional peptide mapping with 
V8 protease was carried out as described by Cleveland (35). 

In Vitro Transcription-Translation Experiments and Iso- 
lation of CDK-Cyclin Complexes. In vitro transcription- 
translation experiments were performed by using the TNT 
system (Promega) primed with appropriate plasmids. Trans- 
lation reactions were incubated for 1 hr at 30°C. The use of 
pOCKsi affinity beads for assaying the binding of cyclins to 
endogenous reticulocyte CDKs has been described (31). For 



immunoprecipitation, samples were diluted 1:10 in Nonidet 
P-40 buffer [50 mM Tris, pH 8.0/150 mM NaCl/1% Nonidet 
P-40/1 mM phenylmethylsulfonyl fluoride/leupeptin (10 jxg/ 
ml)/aprotinin (10 ng/ml)/pepstatin (10 /xg/ml)] and incu- 
bated for 2 hr at 4°C with anti-K35 or anti-CDK4 antibodies. 
Immune complexes were isolated as described (32, 34). 

RESULTS AND DISCUSSION 

A cDNA fragment encoding part of K35 was originally isolated 
by using the PCR in the course of a search for human protein 
kinases with a possible role in cell cycle control (30). K35 was 
selected for further study because database searches indicated 
a structural relationship to CDKs. By using the original 216-bp 
cDNA fragment for hybridization screening of a A phage 
cDNA library, we next isolated a cDNA coding for the entire 
K35 protein. Fig. 1 shows the complete cDNA and deduced 
protein sequence of K35, demonstrating that this 53-kDa 







Fig. 1. Nucleotide and deduced amino acid sequence of K35 (CDK8). The 1772-bp K35 cDNA codes for a protein of 464 amino acids. The 
putative initiator ATG codon is in a suitable context for translation initiation, and in vitro translation of this cDNA yields a protein that comigrates 
exactly with immunoreactive HeLa cell K35 protein (see Fig. 3a). Amino acid residues highly conserved among protein serine/threonine kinases 
(36) are marked with solid circles. Boldface type denotes a motif, SACRE, in the region corresponding to PSTAIRE in CDC2 (37). We note that 
a DNA fragment corresponding to K35 has been isolated as part of a gene mapping project, indicating that K35 (CDK8) maps to human chromosome 
13ql2 (GenBank accession no. L23208). This locus is associated with several human disease genes, including the breast cancer susceptibility gene 
BRCA2 (38). 
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Fig. 2. Specificity of in vitro interaction between K35 and cyclin C. 
(a) Demonstration that K35 binds specifically to cyclin C. K35 and 
human cyclins A, Bl, C, Dl, E, and H were translated in a rabbit 
reticulocyte lysate in the presence of [ 35 S]methionine/cysteine 
(Expre 35 S 35 S, DuPont/NEN) and then mixed as indicated. One ali- 
quot of each sample was analyzed directly by SDS/PAGE and 
fluorography (Upper). Total IVT, total in vitro translation. The 
remaining samples were subjected to immunoprecipitation (Lower) by 
using anti-K35 antibodies. Translated cyclins are marked by dots, and 
the positions of cyclin C and K35 are indicated by arrows and 
arrowheads, respectively, (b) Demonstration that cyclin C does not 
interact with CDK complex partners of cyclins A, Bl, and Dl. Cyclins 
A, Bl, C, and Dl were translated in the presence of [ 35 S]methionine/ 
cysteine (Upper). Their ability to interact with endogenous rabbit 
reticulocyte CDKs (lanes 1-3) or unlabeled translated CDK4 (lanes 4 
and 5) was then tested by isolation of CDK-cyclin complexes (Lower). 
Rabbit reticulocyte CDC2 and/or CDK2 were isolated with P 9 CKS1 
affinity beads (lanes 1-3) and CDK4 was immunoprecipitated with 
anti-CDK4 antibodies (lanes 4 and 5). Translated cyclins are marked 
by dots, and the position of cyclin C is indicated by an arrow. 

protein contains all the sequence motifs and 11 subdomains 
characteristic of a serine/threonine-specific kinase (36). 

To examine the possibility that K35 might associate with a 
cyclin, K35 and human cyclins A, Bl, C, Dl, E, and H were 
produced by coupled in vitro transcription-translation. K35 
was then incubated separately with each cyclin, and one part 
of each sample was resolved by SDS/PAGE (Fig. 2a Upper), 



whereas the remainder was subjected to immunoprecipitation 
with anti-K35 antibodies (Fig. 2a Lower). Among all cyclins 
tested, only cyclin C coprecipitated reproducibly with K35 
(lane 4). To determine whether cyclin C might be recognized 
directly by anti-K35 antibodies, the same type of experiment 
was performed with myc-epitope-tagged K35, by using anti- 
myc monoclonal antibodies for immunoprecipitation, with 
identical results (data not shown). Having established that K35 
binds selectively to cyclin C, it was important to confirm the 
specificity of cyclin C for K35. We found that cyclin C bound 
to K35 but not to CDC2, CDK2, CDK4, or CDK7 (Fig. 2b and 
data not shown). In a first experiment, p9 CKS1 affinity beads 
were used for isolating complexes formed between 35 S-labeled 
in vifro-translated cyclins and endogenous CDKs present in the 
reticulocyte lysate. Consistent with previous results (31), cy- 
clins A and Bl could readily be recovered on p9 CKS1 beads, 
reflecting their affinities for CDC2 and/or CDK2 (Fig. 2b, 
lanes 1 and 2). In contrast, cyclin C did not bind to p9 CKS1 
beads (Fig. 2b, lane 3), indicating that cyclin C did not interact 
with the complex partners of A- or B-type cyclins. To extend 
this analysis to CDK4, one of the CDKs that cannot be isolated 
by poCKsi ( 39 ) ( 35 S _i abeled cyc ij ns c and Dl were incubated 
with unlabeled in v/fro-translated CDK4, and CDK4 was then 
immunoprecipitated with anti-CDK4 antibodies. (The reason 
for not labeling CDK4 in these experiments was that CDK4 
comigrated almost exactly with cyclin C in our gel system.) 
Whereas cyclin Dl bound to CDK4, as expected (39), cyclin C 
did not (Fig. 2b, lanes 4 and 5). Thus, these studies demonstrate 
that K35 and cyclin C form a highly specific complex in vitro. 

None of the available anti-cyclin C antibodies allowed us to 
immunoprecipitate cyclin C from cultured human cells effi- 
ciently (data not shown). To determine whether K35 and cyclin 
C interact in vivo, antibodies were raised against recombinant 
K35 and used for coimmunoprecipitation experiments. When 
assayed by Western blot analysis on total HeLa cell extracts, 
these antibodies recognized a single protein that comigrated 
exactly with in vifro-translated K35 (Fig. 3a, compare lanes 2 
and 3), whereas a myc-epitope-tagged version of K35 displayed 
the expected reduced electrophoretic mobility (Fig. 3a, lane 1). 
When the same antibodies were used to immunoprecipitate 
K35 from 35 S-labeled HeLa cells, they precipitated a number 
of cellular proteins (Fig. 3b, lane 2), many of which were not 
precipitated by the corresponding preimmune serum (Fig. 3b, 
lane 3), suggesting that K35 might form part of a multiprotein 
complex. Of particular interest, one of the proteins coprecipi- 
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Fig. 3. K35 interacts with cyclin C in vivo, (a) Specificity of anti-K35 antibodies. Affinity-purified rabbit anti-K35 antibodies recognize a single 
53-kDa protein in a lysate of total HeLa cell proteins (lane 3). This protein comigrates exactly with in vifro-translated K35 protein (lane 2). A 
myc-epitope-tagged in vifro-translated K35 displays slightly retarded electrophoretic mobility, as expected (lane 1). (b) Immunoprecipitation of 
K35-associated proteins from exponentially growing HeLa cells. Lanes: 1, in vifro-translated K35 and cyclin C as markers; 2 and 3, 35 S-labeled 
cellular proteins immunoprecipitated by anti-K35 serum and preimmune serum, respectively, (c) Immunological identification of cyclin C in K35 
immune complexes. An immunoprecipitate (IP) was prepared from unlabeled HeLa cells, by using anti-K35 antibodies. Immune complexes (lane 
3) and in vifro-translated cyclin C (lane 2) were subjected to immunoblot analysis (IB) with an anti-cyclin C antibody. To provide a marker for the 
migration of cyclin C, the same gel was also subjected to fluorography, allowing the detection of the 35 S-labeled in vifro-translation product (lane 
1). We note that anti-cyclin C antibodies cross-reacted with an unidentified protein present in reticulocyte lysates (marked by small arrowhead). 
(d) Comparison of V8 protease digestion patterns obtained from 35 S-labeled in vifro-translated cyclin C (lane 2) and the 30-kDa protein 
coprecipitating with K35 from HeLa cells (lane 1). 
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tating specifically with K35 comigrated exactly with in vitro- 
translated cyclin C (Fig. 3b, compare lanes 1 and 2). This 
30-kDa protein was readily recognized by an antibody raised 
against Drosophila cyclin C (Fig. 3c). Furthermore, the pattern 
of proteolytic peptides produced by V8 digestion of this 
protein was indistinguishable from that obtained after diges- 
tion of authentic in vi'fro-translated cyclin C (Fig. 3d). Attesting 
to the specificity of the observed interaction, we emphasize 
that cyclin C was not immunoprecipitated by several unrelated 
anti-kinase immune sera tested (data not shown). These results 
indicate that cyclin C interacts with K35 not only in vitro but 
also in vivo. Hence, K35 represents a bona fide partner of 
cyclin C and we propose to name it CDK8. 

Fig. 4a summarizes the structural relationship between 
CDK8 and other CDKs. Overall, CDK8 displays 36% sequence 
identity to both human CDC2 and budding yeast CDC28, 
illustrating that this mammalian CDK is only distantly related 




to the prototypic cell-cycle-regulatory CDKs. CDK8 is, how- 
ever, closely related to budding yeast SRB10 (13), a recently 
discovered CDK also known as UME5 (41), ARE1 (45), and 
SSN3 (46). This similarity is particularly intriguing since 
SRB10 was shown to interact with SRB11, a budding yeast 
cyclin whose closest known mammalian relative is cyclin C 
(13). Alignment of the sequences of CDK8 and SRB10 shows 
that these two kinases display not only a considerable degree 
of overall structural similarity (48% identity over subdomains 
III-XI) but also a number of striking common features (Fig. 
4b). Both kinases contain a noncanonical DFG motif (DMG 
or DLG, respectively) in subdomain VII, and the sequence 
SACRE in the region corresponding to the PSTAIRE domain 
of CDC2 in subdomain III. This region is implicated in cyclin 
binding, in line with the observation that K35 and SRB10 bind 
to structurally related cyclins (ref. 13 and this study). With 
respect to known regulatory phosphorylation sites in verte- 



CDC28 



MDYDFKVKLSSERERVEDLFE 
.III I 

MYQRPMQVOGOOQAOSFVGKKNTIGSVHGKAPMLMANNDVFTIGPYRARKDRMRVSVLEK 



22 YE-GCKVGRGTYGHVYKAKRKDG 

II . I I I I I I I I I I 

61 YEVIGYIAAGTYGKVYKAKRQINSGTNSANGSSLNGTNAKIPQFDSTQPKSSSSMDMQAN 



KDD 



CDK8 
SRB10 
CDK8 

II. I I . I I 

SRB10 121 TNALRRNLLKDEGVTPGRIRTTREDVSPHYNSQKQTLIKKPLTVFYAIKKFKTEKDGVEQ 

III IV V 

CDK8 54 I EGTG I SMSACRE I ALLRELKH PNV I SLQKVFLSHADRKVWLLFDY AEHDLWH I IKFHRA 
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.1 I I . I ... I . I I I . Ill I I I I I I I I I I I I I . I . I III I 

SRB10 237 --SHPEKRM1PPRMVRSIMWQLLDGVSYLHQNWVLHRDLKPANIMVTID GCVKIGD 

vii v viii iz 

CDK8 174 MGFARLFNSPLKPLADLDPVWTFWYRAPELLLGARHYTKAIDIWAIGCIFAELLTSEPI 
.1111 I I I I I I I I I I I I I I I I I I I I I I I . I . I . I I I I I I I . II 
SRB10 291 LGLARKFHNMLOTLYTGDKVWTIWYRAPELLLGARHYTPAVDLWSVGCIFAELIGLQPI 

z 

CDK8 234 FHCRQEDI— KTSNPYHHDQLDRIFNVMGFPADKDWEDIKKMPEHSTLMKDFRRNTYTNC 

I .1.1. I I I I I . I I I I . I I I . I 
SRB10 351 FKGEEAKLDSKKTVPFQVNQLQRILEVLGTPDQKIWPYLEKYPEYDQITKFPK YR 



292 SLIKYMEKHKVKPDSKAFHLLQKLLTMDPIKRITSEQAMQDPYFLEDPLPTSD-VFAGCQ 

I I II II I I I I I I . I . Ill .11.111 
406 DNLATWYHSAGGRDKHALSLLYHLLNYDPIKRIDAFNALEHKYFTESDIPVSENVFEGLT 



SRB10 466 YKYPARRIHTNDNDIMNLGSRTKNNTQASGITAGAAANALGGLGVNRRILAAAAAAAAAV 
CDK8 411 TTSGGLIMTSDYQRSNPHAAYPNPGPSTSQPQSSMGYSATSQQPPQYSHQTHRY 464 
SRB10 526 SGNNASDEPSRKKNRR 541 

Fig. 4. Comparative analysis of CDK8 protein sequence, (a) The dendrogram (40) describes the relationship between CDK8 and the known 
budding yeast and human CDKs (13, 39, 41-43). Human CDKs are boxed, (b) Alignment between human CDK8 and budding yeast SRB10. Vertical 
bars denote amino acid identities; dots denote conservative substitutions (K/R, E/D, N/Q, T/S, F/Y/W, M/L/V/I). Horizontal bar marks denote 
the SACRE motif, and the thin line indicates an unconventional DFG motif. The solid triangle points to potential threonine and tyrosine 
phosphorylation sites within the GXGXXG motif, whereas the arrow marks an aspartic acid in a position where other CDKs display an essential 
threonine phosphorylation site (44). 
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brate CDC2 (34), it is interesting that both K35 and SRB10 
contain phosphorylatable residues corresponding to Thr-14 
and Tyr-15 in subdomain I but lack a threonine phosphory- 
lation site in the exact same position of Thr-161 in the T-loop 
between subdomains VII and VIII (44, 47). Hence, K35 
and/or SRB10 might be negatively regulated via phosphory- 
lation of residues within the GXGXXG motif. Remarkably, 
however, they might not need to be phosphorylated by a 
CDK-activating kinase. 

The SRB10 kinase and its associated cyclin subunit SRB11 
form part of the RNA polymerase II holoenzyme of S. 
cerevisiae (13). Genetic studies implicate the SRB10/SRB11 
gene products in both positive and negative regulation of 
transcription, particularly in GAL gene expression and glucose 
repression (refs. 13, 14, and 45 and D. Balciunas and H. Ronne, 
personal communication). How this yeast CDK-cyclin pair 
receives extracellular signals and relays them to the transcrip- 
tion apparatus is unknown, but available evidence indicates 
that the SRB10-SRB11 kinase is involved, either directly or 
indirectly, in phosphorylating the C-terminal domain of RNA 
polymerase II (13). 

Could CDK8-cyclin C be a mammalian homologue of yeast 
SRB10-SRB11? A biochemical approach to answering this 
question is not yet possible since no mammalian homologue of 
the yeast RNA polymerase II holoenzyme has yet been 
purified. Our attempts at functionally complementing disrup- 
tions of the SRB10 and SRB11 genes by expressing human 
CDK8-cyclin C in yeast have so far been unsuccessful (D. 
Balciunas, J.-P.T., M.J., E.A.N., and H. Ronne, unpublished 
results). Nevertheless, the structural similarity between 
CDK8-cyclin C and SRB10-SRB11 suggests that the two 
CDK-cyclin pairs might perform related functions. If this 
hypothesis is correct, the original cloning of cyclin C by 
complementation might reflect the ability of cyclin C to induce 
the transcription of yeast cyclin genes rather than a direct 
activation of the CDC28 protein kinase. In any event, extrap- 
olating from the genetic data obtained for SRB10-SRB11, we 
propose that CDK8-cyclin C might interact with the mam- 
malian transcription apparatus and thereby contribute to 
integrate cell growth with cell cycle progression. The identi- 
fication of a catalytic partner for cyclin C sets the stage for 
testing this hypothesis and for unraveling the function of this 
hitherto mysterious cyclin. 

We thank S. Hanks, G. Peters, J. Pines, and S. Reed for generously 
providing antibodies and plasmids; T. Reid for help with database 
searches; and H. Ronne for helpful comments on the manuscript. This 
work was supported by grants from the Swiss National Science 
Foundation (31-33615.92) and the Swiss Cancer League (FOR 447) to 
E.A.N. and by grants from the Centre National de la Recherche 
Scientifique and the Association pour !a Recherche contre le Cancer 
to P.L. 

1. Norbury, C. & Nurse, P. (1992) Annu. Rev. Biochem. 61, 441-470. 

2. Murray, A. & Hunt, T. (1993) The Cell Cycle: An Introduction 
(Oxford Univ. Press, Oxford). 

3. Forsburg, S. L. & Nurse, P. (1991) Annu. Rev. Cell Biol. 7, 
227-256. 

4. Reed, S. I. (1992) Annu. Rev. Cell Biol. 8, 529-561. 

5. Nasmyth, K. (1993) Curr. Opin. Cell Biol. 5, 166-179. 

6. van den Heuvel, S. & Harlow, E. (1993) Science 262, 2050-2054. 

7. Pines, J. (1993) Trends Biol. Sci. 18, 195-197. 

8. Nigg, E. A. (1995) Bioessays 17, 471-480. 

9. Hunt, T. (1991) Semin. Cell Biol. 2, 213-222. 
10. Sherr, C. J. (1993) Cell 73, 1059-1065. 



11. Kaffman, A., Herskowitz, I., Tjian, R. & O'Shea, K. (1994) 
Science 263, 1153-1156. 

12. Feaver, W. J., Svejstrup, J. Q., Henry, N. L. & Romberg, R. D. 
(1994) Cell 79, 1103-1109. 

13. Liao, S.-M., Zhang, J., Jeffery, D. A., Koleske, A. J., Thompson, 
C. M., Chao, D. M., Viljoen, M., van Vuuren, H. J. J. & Young, 
R. A. (1995) Nature (London) 374, 193-196. 

14. O'Neill, E. M. & O'Shea, E. K. (1995) Nature (London) 374, 
121-122. 

15. Espinoza, F. H., Ogas, J., Herskowitz, I. & Morgan, D. O. (1994) 
Science 266, 1388-1391. 

16. Measday, V., Moore, L., Ogas, J., Tyers, M. & Andrews, B. (1994) 
Science 266, 1391-1395. 

17. Hellmich, M. R., Pant, H. C, Wada, E. & Battey, J. F. (1992) 
Proc. Natl. Acad. Sci. USA 89, 10867-10871. 

18. Shetty, K. T., Link, W. T. & Pant, H. C. (1993) Proc. Natl. Acad. 
Sci. USA 90, 6844-6848. 

19. Lew, J., Huang, Q. Q., Qi, Z, Winkfein, R. J., Aebersold, R., 
Hunt, T. & Wang, J. H. (1994) Nature (London) 371, 423-426. 

20. Tsai, L. H., Delalle, I., Caviness, V. S., Jr., Chae, T. & Harlow, E. 
(1994) Nature (London) 371, 419-423. 

21. Fesquet, D., Labbe, J.-C, Derancourt, J., Capony, J.-P., Galas, S., 
Girard, F., Lorca, T., Shuttleworth, J., Doree, M. & Cavadore, 
J.-C. (1993) EMBOJ. 12, 3111-3121. 

22. Poon, R. Y. C, Yamashita, K., Adamczewski, J. P., Hunt, T. & 
Shuttleworth, J. (1993) EMBOJ. 12, 3123-3132. 

23. Solomon, M. J., Harper, J. W. & Shuttleworth, J. (1993) EMBO 
J. 12, 3133-3142. 

24. Roy, R., Adamczewski, J. P., Seroz, T, Vermeulen, W., Tassan, 
J.-P., Schaeffer, L., Nigg, E. A., Hoeijmakers, H. J. & Egly, J.-M. 

(1994) Cell 79, 1093-1101. 

25. Serizawa, H., Makela, T. P., Conaway, J. W., Conaway, R. C, 
Weinberg, R. A. & Young, R. A. (1995) Nature (London) 374, 
280-282. 

26. Shiekhattar, R., Mermelstein, F., Fisher, R. P., Drapkin, R., 
Dynlacht, B., Wessling, H. C, Morgan, D. O. & Reinberg, D. 

(1995) Nature (London) 374, 283-287. 

27. Lew, D. J., Dulic, V. & Reed, S. I. (1991) Cell 66, 1197-1206. 

28. Leopold, P. & O'Farrell, P. H. (1991) Cell 66, 1207-1216. 

29. Lahue, E. E., Smith, A. V. & Orr-Weaver, T. L. (1991) Genes 
Dev. 5, 2166-2175. 

30. Schultz, S. J. & Nigg, E. A. (1993) Cell Growth Differ. 4, 821-830. 

31. Maridor, G., Gallant, P., Golsteyn, R. & Nigg, E. A. (1993) / 
Cell Sci. 106, 535-544. 

32. Tassan, J.-P., Schultz, S. J., Bartek, J. & Nigg, E. A. (1994) J. Cell 
Biol. 127, 467-478. 

33. Harlow, E. & Lane, D. (1988) Antibodies: A Laboratory Manual 
(Cold Spring Harbor Lab. Press, Plainview, NY). 

34. Krek, W. & Nigg, E. A. (1991) EMBO J. 10, 305-316. 

35. Cleveland, D. W. (1983) Methods Enzymol. 96, 222-229. 

36. Hanks, S. K., Quinn, A. M. & Hunter, T. (1988) Science 241, 
42-52. 

37. Meyerson, M., Enders, G. H., Wu, C.-L., Su, L.-K., Gorka, C, 
Nelson, C, Harlow, E. & Tsai, L.-H. (1992) EMBO J. 11, 
2909-2917. 

38. Wooster, R., Neuhausen, S. L., Mangion, J., Quirk, Y., Ford, D., 
et al. (1994) Science 265, 2088-2090. 

39. Matsushime, H., Ewen, M. E., Strom, D. K., Kato, J.-Y., Hanks, 
S. K., Roussel, M. F. & Sherr, C. J. (1992) Cell 71, 323-334. 

40. Higgins, D. G. & Scharp, P. M. (1988) Gene 73, 237-244. 

41. Surosky, R. T., Strich, R. & Esposito, R. E. (1994) Mol. Cell. Biol. 
14, 3446-3458. 

42. Uesono, Y., Tanaka, K. & Toh-e, A. (1987) Nucleic Acids Res. IS, 
10299. 

43. Valay, J. G., Simon, M. & Faye, G. (1993) J. Mol. Biol. 234, 
307-310. 

44. Morgan, D. O. (1995) Nature (London) 374, 131-134. 

45. Wahi, M. & Johnson, A. D. (1995) Genetics 140, 79-90. 

46. Kuchin, S., Yeghiayan, P. & Carlson, M. (1995) Proc. Natl. Acad. 
Sci. USA 92, 4006-4010. 

47. Solomon, M. J. (1994) Trends Biochem. Sci. 19, 496-500. 



